INTRODUCTION
(Paragraph #1) Physical activity is known to be associated with lower risk of cardiovascular disease (CVD). Compared to sedentary individuals, persons reporting regular moderate activity have a 20% lower risk of CVD; at higher amounts or with greater intensity CVD risk reduction is even greater (25) .
(Paragraph #2) The effects of physical activity on risk of myocardial infarction (MI) are well documented and may be mediated in part through beneficial changes in blood lipids, inflammatory markers, and insulin sensitivity (7, 13, 19, 25) . Strong dose-response associations between exercise intensity and blood lipids-especially HDL-C and triglycerides-have been reported in both observational studies and randomized trials (14) . In a randomized trial conducted by Kraus et al, exercise at a caloric equivalent of 20 miles per week and an intensity equivalent to that of jogging at a moderate pace significantly increased HDL-C by 9% and decreased triglycerides by 13%, although had no effect on total LDL-C (13) . In National Health and Nutrition Examination Survey (NHANES), C-reactive protein (CRP) was lower with greater levels of leisure time activity (6) . After adjusting for CVD risk factors, the odds ratio for elevated CRP concentration (dichotomized at the ≥ 85th percentile of the sex specific distribution) was 0.53 (95% CI 0.40, 0.71) for participants who engaged in vigorous physical activity three or more times per week compared with sedentary participants. Finally, a meta-analysis of 14 trials of physical activity interventions lasting 8 weeks or longer found that exercise training reduced HbA1c levels by 0.66% on average among middle-aged persons with diabetes (3).
(Paragraph #3) The purpose of this study was to determine the extent to which these and other potential mediating novel biomarkers explain the inverse association between physical activity and risk of CHD among men.
METHODS Study Population
(Paragraph #4) The Health Professionals Follow-up Study (HPFS) began in 1986, when 51 529 male health professionals aged 40 to 75 years completed the baseline 6-page questionnaire. On biennial, self-administered questionnaires, we collected detailed information on lifestyle characteristics and incident disease.
(Paragraph #5) Between January 1, 1993, and December 31, 1995, a blood sample was requested from all surviving cohort participants; 18 225 provided samples. The men who provided samples were somewhat younger, but were otherwise similar with respect to smoking, physical activity, and diet. Among men without CVD or cancer prior to blood draw, we identified 454 men with incident nonfatal myocardial infarction (MI) (N = 352) or fatal coronary heart disease (CHD) (N= 102) between the date of blood collection and January 31, 2004. Using risk-set sampling (24), we selected controls [2:1] matched on age (in 5-year increments), smoking (in 5 categories), and month of blood return. For this study, we excluded men (n = 103) who indicated at blood draw that they had a physical impairment. Additionally, we excluded men missing physical activity (n = 1) or traditional lipid markers (n = 22). The final analysis included 412 cases and 827 controls. The study was approved by the Committee on the Use of Human Subjects in Research at the Brigham and Women's Hospital. All subjects gave informed consent to participate.
Assessment of Biomarkers
(Paragraph #6) Participants underwent local phlebotomy. Blood samples were collected and returned via overnight courier to the HPFS blood storage and processing facility as described elsewhere (7) . The biomarkers in this sample were measured using standard methods (7) and generally showed excellent stability and reproducibility during simulated transport and storage (20) . Candidate biomarkers assessed in all men included HDL cholesterol (HDL-C), LDL cholesterol (LDL-C), triglycerides, total cholesterol, apolipoprotein B (Apo B), hemoglobin A1c (HbA1c), high-sensitivity C-reactive protein(CRP) (21) , fatty acid binding protein 4 (aP2), lipoprotein-associated phospholipase A2 (Lp-PLA2) and 25-hydroxyvitamin D (25[OH]D). We used the triglyceride:HDL-C ratio as a measure of insulin resistance (17) . A subset of biomarkers, which included soluble tumor necrosis factor receptors 1 and 2 (sTNFR1 and sTNFR2), interleukin-6 (IL-6), soluble intercellular adhesion molecule-1 (sICAM), soluble vascular cell adhesion molecule-1(sVCAM), lipoprotein(a), fibrinogen, adiponectin (23) , and oxidized LDL (oxLDL), were only assessed among the cases and controls accrued from 1994-2000 (n = 731).
Assessment of Physical Activity
(Paragraph #7) Leisure-time physical activity was assessed by questionnaire every two years since baseline through a series of questions on average total time per week spent on each of ten activities over the previous year. Walking pace, categorized as casual (<2 miles/ hour), normal (2-2.9 miles/hour), brisk (3-3.9 miles/hour), or striding (≥4 miles/hour), was also assessed. A metabolic equivalent task (MET) score was assigned to each activity on the basis of its energy cost (1) . Vigorous activities (MET values ≥ 6) were jogging, running, bicycling, swimming, tennis, squash/racquetball, and calisthenics/rowing. Moderate activities (3 ≤ METs < 6) were brisk walking, heavy outdoor work, and weightlifting. The validity and reproducibility of the physical activity measurement have been reported in detail elsewhere (4) . Briefly, correlations between four 1-week diaries and the questionnaire for total activity and vigorous activity were 0.65 and 0.58, respectively.
(Paragraph #8) We chose to focus on vigorous activity due to its stronger associations with CHD risk (14, 25) . To represent long-term levels of physical activity more accurately and to reduce measurement error (12) , we calculated the average number of hours of vigorous activity per week from the 1990, 1992, and 1994 questionnaires. We categorized participants into quintiles based on the distribution in controls.
Assessment of Nonfatal MI and Fatal CHD
(Paragraph #9) Self-reported MIs were confirmed according to World Health Organization criteria that included symptoms plus either diagnostic ECG changes or elevated cardiac enzymes (26) . Fatal CHD was confirmed by hospital records or an autopsy or by CHD listed as the cause of death on the death certificate, if it is listed as an underlying and most plausible cause of death and if evidence of previous CHD was available. We included sudden cardiac deaths, defined as death within one hour of symptom onset with no previous serious illness and no other plausible cause.
Statistical Analysis
(Paragraph #10) All analyses were performed using SAS statistical software, version 9.1 (SAS Institute Inc, Cary, North Carolina). We calculated odd ratios as unbiased estimates of incidence rate ratios from conditional logistic regression models, stratifying on the matching factors. Because some of the matched sets of cases and controls were broken after exclusions, we additionally used unconditional logistic regression for some analyses to maximize power. Similar results were obtained for both, thus conditional logistic regression results are presented. In multivariable analyses, we adjusted for moderate activity (five categories), batch (case before or after 2002), fasting status (< 8 hours, ≥ 8 hours), parental history of MI at or before age 60 years (yes/no), alcohol consumption (five categories), aspirin use (yes/no), vitamin E supplement use (yes/no), energy-adjusted intake of polyunsaturated fat, trans fatty acids, omega-3 fatty acids, and fiber (each in quintiles), as well as history of diabetes, hypertension, and hypercholesterolemia diagnosed in 1992 or earlier (to avoid adjusting for an intermediate in the causal pathway.) We used covariate information primarily from 1994, the time of blood draw. Information from previous questionnaires was used when covariate data were missing (less than 6% was missing). Tests for linear trend were performed using the median value for each category of physical activity.
(Paragraph #11) To examine the extent to which various CVD biomarkers contributed to the risk reduction associated with vigorous-intensity physical activity, we initially assigned the median of each physical activity category to construct a continuous variable. We then calculated the rate ratio associated with a three-hour per week increase in vigorous activity which corresponded to the difference between the highest and lowest quintile. We considered the magnitude of change in the regression coefficient for vigorous-intensity activity with and without adjustment for each potential mediator. The percent of physical activity-CHD association explained by the intermediate variable was computed as follows: (1 -(β mediator-adjusted model /β multivariable model )) × 100%. A positive change in the regression coefficient indicates a change in the rate ratio towards the null. The standard error for this estimate was calculated using equation 5 from Lin et al. (16) .
(Paragraph #12) As a subset of the biomarkers were only assessed among the cases and controls accrued from 1994-2000, we restricted analyses examining these potential mediators to this group (n = 731). Table 1 shows the characteristics of case and control participants in the HPFS. As expected, traditional CVD risk factors were more common among cases compared to controls. Cases had a lower HDL-C, higher LDL-C, and were also more likely to have a diagnosis of hypertension, hypercholesterolemia, and diabetes.
RESULTS

(Paragraph #13)
(Paragraph #14) Men reporting greater vigorous-intensity physical activity had a lower BMI and better biomarker profiles compared to men reporting lesser amounts of activity (Table 2) . HDL-C and vitamin D were higher while triglycerides, CRP, Apo B, and HbA1c were lower in men reporting more vigorous activity compared to less activity. An exception was LDL-C, which was fairly constant across categories of physical activity. Although the P trend for Apo B was not statistically significant in the age-adjusted analysis, when additionally adjusted for other potential confounders, vigorous activity was significantly associated with lower levels of Apo B (P trend = 0.02) (data not shown).
(Paragraph #15) There was a significant inverse association between average vigorous activity and risk of MI (P trend = 0.03) ( Table 3 ). In multivariable-adjusted models additionally adjusted for pre-existing hypertension, hypercholesterolemia, and diabetes, the relative risk (RR) of MI was 0.69 (95% CI 0.45, 1.05) for men who reported three hours or more of vigorous activity per week compared to men reporting no vigorous activity. When treated as a continuous variable, the RR for a 3-hour per week increase in vigorous activity was 0.78 (95% CI 0.61, 0.98). The RRs (95% CI) for the association between moderate physical activity (in quintiles) and risk of MI, adjusted for the same covariates as well as vigorous activity, were 1.13 (0.77, 1.64), 0.96 (0.65, 1.43), 0.76 (0.51, 1.14), and 0.84 (0.56, 1.26) (p for trend = 0.17) (data not shown). Although the inverse association between moderate activity and CHD was not statistically significant within this nested case-control study, we have found a statistically significant inverse association within the whole HPFS cohort (RR for a 1-hour per week increase in moderate activity: 0.97 (95% CI: 0.95, 0.98)).
(Paragraph #16) We added potential mediating biomarkers individually into multivariable models to assess the magnitude to which each biomarker changed the association of vigorous-intensity physical activity with risk of MI (Table 4) . When compared to the multivariate RR of MI of 0.78 (95% CI 0.61, 0.98) for each 3 hour per week increase in vigorous activity, adjustment for HDL-C alone attenuated the RR to 0.86 (95% CI 0.67, 1.09). As noted in Table 4 , this suggests that approximately 38% (95% CI 3%, 74%) of the inverse association between vigorous-intensity physical activity and CHD is mediated through HDL-C. Similar analyses for triglycerides (22%), vitamin D (21%), Apo B (19%), HbA1c (14%), and CRP (9%) also attenuated the RR. Additionally, in the subset of 731 men in which it was measured, adjustment for adiponectin attenuated the RR by 52% (95% CI −16%, 121%). The smaller sample size in this subgroup of men resulted in wide confidence intervals.
(Paragraph #17) In multivariable analyses, we also adjusted for the combination of biomarkers where the p-value for percent change was 0.15 or less when modeled separately. We excluded adiponectin because it was not measured in all men. Triglycerides and HDL were individually included rather than their ratio. When we adjusted for the combination of HDL-C, triglycerides, vitamin D, Apo B, HbA1c, and CRP, the regression coefficient for the association between vigorous activity and CHD was attenuated by 70% (95% CI 12%, 128%) (Table 4 ). In this model, triglycerides and CRP were no longer significantly associated with risk of CHD; thus, the most parsimonious model included HDL-C, vitamin D, Apo B, and HbA1c. This final model attenuated the RR of CHD associated with vigorous-intensity activity by 70% (95% CI 12%, 127%) ( Figure 1 ).
(Paragraph #18) We found that BMI only explained 8% (95% CI −4%, 20%) of the inverse association between physical activity and CHD. As an alternative to BMI, we examined waist circumference as a potential mediator of this association. Adjusting for waist circumference attenuated the RR to a similar extent as BMI (11%); however, we did not include waist circumference in our final results because it was only measured in a subset of individuals.
(Paragraph #19) We performed a sensitivity analysis only including men that were fasting at least 8 hours prior to blood draw (n = 725). The percent explained was attenuated, but HDL-C, vitamin D, Apo B, and HbA1c still explained 46% (95% CI 8%, 85%) of the inverse association. We also performed the analysis after adjusting for anti-hypertensive and cholesterol-lowering medications and obtained similar results to those presented. Lastly, we performed the analysis excluding cases that occurred in the first two years of follow-up and found a modestly attenuated total percent explained (54%; 95% CI 17%, 89%).
DISCUSSION
(Paragraph #20) In this prospective analysis of middle-aged men, vigorous exercise was associated with a lower risk of CHD. A three hour per week increase in vigorous-intensity physical activity was associated with a 22% (95% CI 2%, 39%) lower risk of MI. In multivariable models including pre-existing CVD-related conditions, potential biological mediators of effect-HDL-C, vitamin D, Apo B, and hemoglobin A1c -attenuated the relative risk by 70% (95% CI 12%, 127%).
(Paragraph #21)
Other studies have investigated the potential mediators between physical activity and risk CHD, finding that biomarkers explain 22 -40% of the inverse association (2, 11, 18, 28) . Inflammatory factors have been identified as mediators in all studies, explaining 13 -28% of the association between exercise and CHD. Hamer et al (11) found that CRP and fibrinogen explained 13.2% of the association between physical activity and total CVD, which is similar to what we found. In the Women's Health Study (18) , inflammatory markers explained 20.9%, novel lipids11.1%, traditional lipids 13.4%, HbA1c 5%, and BMI 6.8%. All risk factors combined explained 35.5% of the risk reduction. A larger proportion of the inverse association between physical activity and CHD risk was explained by the potential mediators we investigated when compared to previous studies. Potential explanations for this difference may be better exercise assessment in our cohort with the repeated measures of activity over 4 years and the greater variability in moderate and vigorous physical activity in this cohort of men.
(Paragraph #22) We also found a modest proportion of the physical activity-CHD association was explained by serum 25-hydroxyvitamin D (25[OH]D), which was not accounted for in previous studies. Although not a traditional cardiovascular risk factor, low levels of serum 25(OH)D have previously been found to be associated with increased risk of MI (8) . Additionally, physical activity has been associated with increased levels of serum
25(OH)D likely due to increased sun exposure, a strong determinant of serum 25(OH)D (9).
(Paragraph #23) There are several possible mechanisms by which physical activity decreases risk of CHD. One pathway is through anti-atherogenic effects resulting from improved inflammation, lipid profile, insulin sensitivity, and body fat (3, 6, 7, 13, 19, 22, 25) . In the current analysis, we found these pathways explain approximately 45-70% of the decreased risk of CHD associated with physical activity. Additionally, physical activity may induce favorable changes in blood viscosity, blood pressure, and hemostatic factors that decrease risk of thrombogenesis and thrombosis (5, 19) . Physical activity also decreases myocardial O 2 demand and improves coronary blood flow and endothelial function which decrease risk of myocardial ischemia. Decreased risk of ventricular arrhythmias results from increased vagal tone and decreased adrenergic activity (9, 15) . Future studies are necessary to determine which of the above mechanisms account for the remainder of risk reduction.
(Paragraph #24) Strengths of our study include the prospective design, detailed information on physical activity and covariates, a wide range of cardiovascular biomarkers, long duration of follow-up for the endpoint of MI, and strict criteria for defining coronary events.
(Paragraph #25) Our study also has limitations that should be considered. In a mediator analysis, we must be aware of potential confounders for the main effect association and the association between mediators and CHD. We adjusted for age, smoking, diet, alcohol use, and pre-existing disease. Unmeasured confounding by other variables, particularly biomarkers or genes that may be associated with both mediator and CHD, remains a potential limitation.
(Paragraph #26) Our study population, consisting of male health professionals, is not representative of the general population. Therefore, we cannot necessarily generalize our results to other populations with different educational levels, incomes, or distributions of race and ethnicity. Nonetheless, the relative homogeneity of the cohort in socioeconomic status may actually enhance the internal validity of this study.
(Paragraph #27) We measured biomarkers at a single point in time. One measurement may not reflect true levels over time. To examine the potential impact of measurement error, we used data from men in a reproducibility study to correct for random within-person measurement error in HDL-C (27) . After correcting for measurement error, we found that HDL-C explained 50% of the physical activity-CHD association, compared to the uncorrected estimate of 38%.
(Paragraph #28) The mediators determined to explain the greatest proportion of association may be statistical intermediates, but may not be in the causal pathway. The pathway between physical activity and CHD is likely quite complex; thus, the most significant mediators may simply be markers of various pathways and not causal components. Additionally, as we fit the parsimonious model by selecting mediators with the most significant percent change when modeled separately, the 70% attenuation of the PA-CHD association may be optimistic.
(Paragraph #29) Measurement error in physical activity is unlikely to bias our results because data were assessed prospectively; thus, errors in physical activity are likely to be non-differential with respect to subsequent MI status. In addition, reporting error is unlikely to be associated with measurement of biomarkers. Random misclassifications would be expected to lead to underestimation of the true association.
(Paragraph #30) Engaging in regular vigorous-intensity activity is associated with a lower risk of MI among men. This inverse association can be partially explained by the beneficial effects of physical activity on HDL-C, vitamin D, Apo B, and HbA1c. While the inverse association attributable to these biomarkers is substantial, future research should explore benefits of exercise beyond these biomarkers of risk.
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